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Abstract

A dynamic computational model developed within the context of the classical theory of phase evolution is applied
to the W–C system to simulate the kinetics of graphite nucleation during non-equilibrium peritectic melting of WC.
The kinetic variables used in the model are obtained directly from the free energy formulations that characterize the
stable and metastable equilibria between WC, liquid, and graphite. The isothermal kinetic analysis suggests that trans-
formation time decreases monotonically with increasing superheat such that the minimum transformation time occurs
at the metastable congruent melting point of WC (~3107 K). To crystallize 1 ppm of graphite, the minimum transform-
ation time is computed to be ~2 ns. The non-isothermal kinetic analysis suggests that under moderate to high heating
rates (104–106 K/s) graphitization is completed at superheats of 40–50 K, while under ultra-high heating rates (~108

K/s) graphitization remains incomplete giving rise to metastable congruent melting of WC.
 2002 Acta Materialia Inc. Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction

Peritectic melting is a triple-point transition via
which a peritectic phase b decomposes into liquid
and a primary phase a, i.e., b → liq + a. It consti-
tutes a particularly interesting kinetic scenario as
it evolves under non-equilibration that is realized
upon superheating rather than upon supercooling.
Peritectic melting reactions are utilized in the pro-
cessing of superconductors [1,2,3,4]. Kim et al. [5]
experimentally investigated the decomposition kin-
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etics of Y1Ba2Cu3O7–y via a peritectic melting reac-
tion. They observed the reaction to initiate by
nucleation of primary particles directly at the
advancing melting interface, and to progress by
growth of the primary phase toward the interior of
the dissolving peritectic phase. To date, no effort in
modeling peritectic–melting kinetics was reported.

According to Perepezko and Boettinger [6],
metastable equilibria of incongruently melting
(peritectic) compounds form a congruent melting
point that is masked by the equilibrium phase dia-
gram. Upon superheating b, the peritectic melting
reaction b → liq + a is kinetically limited by the
nucleation of a, and depending on the degree of
superheat, the reaction may be suppressed such that
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b coexists with the melt in metastable equilibrium.
Moreover, under continuous heating conditions
such as those encountered in rapid thermal pro-
cessing, the stable peritectic melting reaction could
be kinetically bypassed giving rise to metastable
congruent melting of b.

The tungsten–carbon (W–C) system at carbon
composition of 50%, which corresponds to the
composition of the peritectic compound tungsten
carbide (WC), will be considered in this study as
a sample compound-forming system to analyze the
kinetics of peritectic melting by means of the
developed model. The choice for the W–C system
is attributed to the fact that the W–C thermodyn-
amic properties are very well documented [7], and
to the fact that the WC peritectic compound is
attractive for barrier thermal coating applications
due to its good thermal and chemical stability, high
hardness, and high oxidation resistance, and is
widely processed by means of rapid thermal pro-
cessing techniques. Rapid thermal processing of
WC often involves rapid heating and melting of
WC, which is accomplished by means of high-
energy beam sources such as plasma, ion, electron,
or laser. Under such non-equilibrium melting con-
ditions, the rate of the stable peritectic reaction via
which WC peritectically decomposes into liquid
and graphite, i.e. WC → liq + gra, would be lim-
ited by the nucleation kinetics of graphite. More-
over, it is postulated that a critical heating rate may
exist under which graphite will fail to nucleate suf-
ficiently and consequently WC will melt via the
metastable congruent reaction WC → liq. Under
such extreme conditions metastability will prevail,
as graphite would be kinetically bypassed.

Attempting to experimentally analyze the kin-
etics of such transition could be a challenging task
as the kinetic rate is expected to be extremely high
owing to enhanced mobility at high temperatures.
The kinetics can be experimentally investigated by
monitoring crystallization events during laser-
beam heating of a WC thin film by means of differ-
ential thermal analysis or differential scanning
calorimetry. However, the response time of such
methods could be rather long compared to the kin-
etic time scales involved in the transition, hence
the instruments’ reading would be rather unre-
liable. Therefore, more advanced experimental

methods would be required such as high-speed x-
ray diffraction analysis and in-situ resistivity
measurements [8]. The sophistication required in
monitoring such fast kinetics renders kinetic mode-
ling an attractive alternative, as it may provide a
fairly accurate quantitative assessment of the pro-
cessing kinetics.

In this study, a computational model is
developed to simulate the kinetics of graphite
nucleation upon WC superheating. The aim is to
assess the importance of nucleation kinetics in lim-
iting the rate of peritectic melting reaction. This
study constitutes the first attempt to model
nucleation kinetics in peritectic melting. The
present model, which was developed in the context
of classical nucleation theory, simulates the stoch-
astic process of crystal nucleation by modeling the
dynamics of cluster evolution. The model also
accounts for size-dependent growth of finite size
nuclei. The kinetic variables used in the model
were obtained directly from the free energy formu-
lations that characterize the stable and metastable
equilibria between WC, liquid, and graphite. The
empirical relations that govern kinetic properties
under conditions of supercooling are adopted in the
present model and are extrapolated above equilib-
rium to approximate properties under superheating
conditions. Furthermore, de-carburization was neg-
lected and fixed composition at 50%-C was
assumed throughout the process. The model was
applied to investigate the kinetics of graphite
nucleation via the stable peritectic reaction WC →
liq + gra upon annealing or continuous heating,
and to examine the possibility of complete kinetic
bypassing of the graphite phase.

2. Thermodynamic modeling

Demetriou et al. [9] developed a CALPHAD
algorithm to compute the metastable W–C phase
diagram in the vicinity of the metastable reactions
involving the carbides by reproducing the equilib-
rium boundaries using optimized free energy data
obtained from [7], and by extending the stable
boundaries into regions of metastability as sug-
gested by [6]. The computed stable phase equilibria
are in excellent agreement with those computed by
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Fig. 1. The computed stable and metastable W–C phase dia-
gram [7, 8].

[7], which closely resemble experimental phase
equilibrium data presented by [10]. The computed
phase diagram with the metastable equilibria
superimposed as dotted lines is shown in Fig. 1.
The thermodynamically stable peritectic reaction
and the metastable congruent reaction at 50%-C
are designated in Fig. 1, and are tabulated in Table
1 along with the corresponding equilibrium com-
positions and temperatures. The metastable phase
diagram suggests that the equilibrium peritectic
melting reaction WC → liq + gra takes place at
3047 K, while the metastable congruent melting
reaction WC → liq occurs at 3106 K. The reaction
enthalpy and entropy associated with each of these
transitions, �Hf and �Sf, are evaluated from the
free energy functions and are also listed in Table 1.

The supersaturation of graphite �m, which con-
stitutes the driving force for graphite nucleation, is

Table 1
Stable and metastable equilibria among participating phases

Reaction Reaction type Carbon Molar Fraction TemperatureT Reaction Enthalpy�Hf Reaction Entropy�Sf

(K) (kJ/mol) (J/mol-K)

liq + gra *WC Peritectic 0.421 0.500 1.00 3047 60.48 19.86
liq * WC Congruent - 0.500 - 3107 77.72 25.03

the free energy change associated with nucleating
one molecule of graphite out of the metastable liq–
WC equilibrium [11]. The graphite supersaturation
is computed directly from the free energy formu-
lations that characterize the liq, WC, and gra
phases and is plotted in Fig. 2 in the range of 3047
K (the equilibrium peritectic temperature) to 3106
K (the metastable congruent melting point of WC).
As expected, the �m vs. T plot, which quantifies
the thermodynamic stability of gra with reference
to the liq–WC equilibrium at 50%-C, suggests that
graphite supersaturation increases with temperature
in a highly exponential fashion and is maximized
at the metastable congruent melting point. At tem-
peratures higher than the congruent point (not
shown in the graph), the supersaturation of graph-
ite decreases linearly with temperature and dimin-

Fig. 2. Thermodynamic driving force for graphite nucleation
out of the liq–WC equilibria upon superheating at 50%-C vs.
temperature.
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ishes at the graphite liquidus (~3583 K). It is there-
fore postulated that unless sufficient nucleation
takes place between 3047 and 3106 K, the graphite
phase will not evolve but rather dissolve and
consequently it will be bypassed.

3. Kinetic analysis

In order to assess whether metastability would
prevail in a peritectic melting reaction, i.e.,
whether the overwhelming kinetics of metastable
congruent melting would completely suppress the
nucleating phase, the criterion proposed by Hun-
ziker et al. [12] was adopted. The criterion states
that the nucleation density of a phase nucleating at
a triple point needs to be high enough such that
the volume ahead of the growing interface is rap-
idly filled with the nucleating phase. Thus, the kin-
etic analysis in this study will be conducted in
terms of surface nucleation over an established
melting interface, and metastability will be
assessed by determining whether the nucleating
phase has surface-crystallized substantially to
thwart metastable melting.

For the reaction path WC → liq + gra, a moving
melting interface between liquid and WC may be
assumed over which graphite nuclei emerge. How-
ever, in a nucleation time frame, this interface may
be treated as stationary since its kinetics are dif-
fusion-limited and are characterized by long time
scales. Owing to the strong interfacial tensions at
the crystal–crystal interface the graphite nuclei are
more likely to emerge in the liquid side of the
interface rather than in the WC side. Furthermore,
since atomic mobility in the liquid is anticipated
to be significantly greater than in the solid, trans-
port of monomers (carbon atoms) will take place
predominantly in the liquid. Accordingly, from a
kinetic point of view, the liquid can be regarded
as the parent phase while the primary solid can be
treated as a stationary and inert substrate over
which nuclei are catalyzed. The geometry of such
triple-point transition can be modeled as a cata-
lyzed reaction as illustrated in Fig. 3.

In catalyzed nucleation reactions, the wetting
angle q can be correlated with the melting tempera-
tures of the two participating solid phases [13]. The

Fig. 3. The geometry of a triple-point reaction: a gra-phase
cluster nucleates in liq matrix over a WC-phase catalytic sub-
strate.

wetting angle for the WC → liq + gra reaction
was evaluated to be 37°. As the nucleating graphite
phase is unary, the cluster dimension can be rep-
resented by a single size coordinate n that would
denote the number of clustered carbon atoms. The
availability of monomeric sites that would contrib-
ute to a unit surface of product phase, i.e., the
initial number of available carbon atoms in the
liquid per unit surface of nucleated graphite, can
be approximated as Ni � (fVm)�2/3, where Vm is the
graphite molecular volume and f is the graphite
phase fraction obtained from the lever rule. The
relationship between the size of a cluster of n
atoms and its surface radius r, as shown in Fig.
3, is:

r(n) � sinq� 3Vm

4pf(q)�1/3

n1/3 (1)

where f(q) � (2 � cosq)(1�cosq)2 /4. The liquid–
crystal interfacial area is given by An �
(36π)1/3[f(q)]1/3V2/3

m n2/3 while the number of
interfacial atomic sites is On � 2(1�
cosq)[f(q)]2/3n2/3 [14].

The liquid–crystal interfacial energy during
nucleation may be approximated by [11]:

sliq/gra � s �
am�SfT
NAV2/3

m

(2)

where NA is Avogadro’s number, �Sf is the equilib-
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rium reaction entropy, and am is a structure-depen-
dent factor. Eq. (2) assumes a purely entropic form
of the interfacial energy by neglecting the contri-
bution of higher order terms. Furthermore, it
ignores the effect of compositional change at the
interface. Nevertheless, in the context of this study
the above relation was taken to be adequate in
approximating liquid–crystal interfacial energy
during peritectic melting. The equilibrium reaction
entropy is taken to be 19.86 J/mol-K, which corre-
sponds to the entropy of the equilibrium triple-
point transition evaluated from free energy func-
tions (see Table 1). The graphite molecular volume
is taken as 8.796 x 10–30 m3/molecule. Also, for
hexagonal graphite am � 0.77 [15]. In the trans-
formation range considered (3047–3106 K), the
interfacial energy as estimated from Eq. (2)
increases linearly with temperature between 1.81
and 1.85 J/m2.

The unbiased molecular jump frequency at the
cluster interface may be approximated by the jump
rate in the bulk liquid. Assuming three-dimensional
random walk process and the validity of Stokes–
Einstein relationship, the jump rate g can be related
to the liquid viscosity h as:

g �
2kBT
pVmh

(3)

where kB is the Boltzmann’s constant. The tem-
perature-dependent viscosity of the undercooled
liquid was approximated using the iso-free volume
model proposed by Battezzati et al. [16], and the
composition dependence was incorporated as sug-
gested by Moelwyn–Hughes [17]. The molecular
jump frequency is estimated to be of order 1010 s–1.

As the mobility in such high-temperature reac-
tion is high, the barrier for monomeric units to dif-
fuse from the bulk liquid to the cluster immediate
vicinity is vanishingly small as compared to the
attachment/detachment interfacial barrier. Hence
the nearest-neighbor shell of a graphite cluster can
be taken to have all available sites On filled with
carbon atoms, which attach/detach to the cluster
stochastically. On that account, the current prob-
lem can be reduced to that of partitionless
nucleation, which can be modeled by the classical
interface-limited cluster evolution theory. Accord-
ing to the classical theory, fluctuation in the forma-

tion of an n-size cluster is connected with the mini-
mum reversible work needed for its formation,
which can be expressed as the balance between
volume and surface contributions as follows [18]:

�Gn � �n�m � Ans (4)

where macroscopic (independent of n) values for
�m and s are assumed. A maximum in
�Gn is obtained at a critical size n∗ �
(32 /3)ps3V2

mf(q) /�m3 as �Gn∗ � (16 /3)ps3V2
m

f(q) /�m2, and is referred to as the critical activation
energy. The critical activation energy for graphite
nucleation in the temperature range of 3047 K to
3107 K is computed from Eq. (4) and is plotted
in Fig. 4. The plot suggests that �Gn∗ decreases
monotonically with temperature in a highly
exponential fashion, attaining ~10–19 J at the
congruent melting point.

4. Cluster dynamics

According to the rate theory of atomic clus-
tering, nucleation can be modeled by a first-order
kinetic equation that has the form of a master equ-
ation [18]:

Fig. 4. Critical activation barrier for graphite nucleation dur-
ing peritectic melting of WC.
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dNn(t)
dt

� In�1(t)�In(t) � Nn�1(t)k+
n�1 (5)

�[Nn(t)k�
n � Nn(t)k+

n] � Nn+1(t)k�
n+1

where Nn(t) is the time-dependent density of an n-
size cluster, In(t) is the time-dependent nucleation
frequency at size n, k �

n is the rate of monomer
attachment to an n-size cluster and k�

n is the rate
of monomer detachment given as:

k+
n � Ongexp��

�Gn+1��Gn

2kBT � (6a)

k�
n+1 � Ongexp��

�Gn��Gn+1

2kBT � (6b)

Stochastic evolution theory dictates that under
static conditions (e.g., under constant temperature)
a steady state cluster distribution would be estab-
lished such that the nucleation rate becomes con-
stant. This steady-state rate is given by:

Is � ��nmax

nmin

1
Ne

nk+
n
��1

(7)

where nmin and nmax are a lower and upper size
bound about n∗ determined accordingly to ensure
the accuracy of the simulation [18,19], and Ne

n �
Niexp(��Gn /kBT) is the equilibrium cluster distri-

bution. The evolution of cluster size distribution
and the nucleation frequencies were obtained by
solving the system of stiff, coupled differential
equations given in Eq. (5) by means of a MATLAB
stiff ODE solver calibrated to a relative tolerance
of 10–3 that was supplied with the rate constants
and with boundary and initial conditions.

The extended crystallized surface fraction, xe(t),
can be established by accounting for the surface
area of all supercritical clusters, i.e., xe(t) �

�
n � n∗

p[r(n)]2Nn(t). However, for clusters suf-

ficiently exceeding the critical size, the diffusion
component of the nucleation rate characterizing
size fluctuations becomes vanishingly small in
relation to the drift component that accounts for
deterministic growth. Hence, ignoring fluctuational
growth for n �� n∗, a growth law may be derived
as dn /dt � k �

n �k�
n � 1�In(t) /Nn(t), where dn /dt is

the drift velocity or growth rate. Assuming a tran-
sition from fluctuational to deterministic growth at
a post-critical size npost �� n∗, the growth law
may be employed to yield a time-integral form of
xe(t) [20]:

xe(t) � 	
t

0

p[r(t;t�)]2Irpost
(t�)dt� (8)

The convolution function r(t;t�) denotes the size of
a cluster at time t which nucleated at a time t�
when r(t�) � rpost. It can be obtained by solving
the initial value problem governing the time evol-
ution of a supercritical cluster:

dr
dt

� �16Vmf(q)
9p �1/3

sinq(1 (9)

�cosq)gsinh��m�2Vmssinq /r
2kBT �

In the limit of n being continuous, the steady-state
nucleation rate Is and the critical incubation time
Jn∗, were derived analytically by [21] as Is �
zk �

n∗ Ne
n∗ and Jn∗ � 2/3pk �

n∗ z2 respectively,
where z � (�m /6pkBTn∗)1/2 is the Zeldovich fac-
tor. Taking the nucleation rate Irpost

(t) to be relaxed
at its steady state value Is and assuming zero-size
nuclei and infinitely large crystals, a quasi-steady
form of the kinetic problem may be obtained as:

xe(t) � 	
t

0

p�	
t

t�

u(t�)dt��2

Is(t�)dt� (10)

where u � (dr /dt)|r→�. Under isothermal con-
ditions the kinetics can be further reduced to
xe(t) � pIsu2t3 /3. The time-dependent surface frac-
tion transformed, x(t), that accounts for the overlap
of crystallites can be obtained from the Avrami
statistical model [22] as x(t) � 1�exp[�xe(t)].

5. Isothermal kinetics

The effects of nucleation transience during iso-
thermal (static) conditions become significant
when the relaxation time Jn∗ becomes comparable
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to the transformation time t. A steady state kinetic
model neglects these transient effects and conse-
quently overestimates the kinetics. In the work of
Demetriou [20], the transient effects during iso-
thermal conditions for the reaction considered in
this study were assessed by comparing the analyti-
cally evaluated Jn∗ to t evaluated from a steady
state kinetic model. In his work, transient effects
were determined to be negligible for annealing
between 3047 and 3090 K, but become important
at higher temperatures, as the transformation time
becomes comparable or smaller than the induction
time. In order to warrant the accuracy of the simul-
ation at all annealing temperatures considered, the
isothermal transformation diagrams (TTT) were
produced by means of the explicit dynamic simul-
ation of cluster evolution outlined in Cluster
Dynamics. For more details on the isothermal
simulation refer to [19].

Isothermal crystallization during annealing at
3095 K (48 K superheating) will be considered as
a sample case to demonstrate the results of the
developed model. The annealing duration t was
taken to be 0.1 µs. The analytically evaluated
induction time Jn∗ at 3095 K is ~20 ns, about five
times smaller than t. The time-dependent forward
flux at n∗ along with the one at npost is plotted in
Fig. 5. The forward flux at the critical size, In∗(t),
appears to attain its steady state value at t��3Jn∗,
in accordance with the analytical treatment of
Kashchiev [21]. The forward flux at the post-criti-
cal size however, Inpost

(t), which can be regarded
as the nucleation rate, remains transient throughout
the transition and barely attains its steady state
value at the end of the annealing. This plot there-
fore renders a steady state kinetic model that
assumes a relaxed nucleation rate inadequate.

The time-dependent crystallized surface fraction
x(t) computed with means of a dynamic and a ste-
ady state model is plotted in Fig. 6. As expected,
at early times (see insert in Fig. 6) when the
nucleation rate is highly transient, the steady state
model overestimates the rate of kinetics by several
orders of magnitude. According to the steady state
model 1-ppm crystallizes at ~14 ns, while accord-
ing to the dynamic model 1-ppm crystallizes at ~22
ns. At later times when the nucleation rate
approaches its steady state value, the results from

Fig. 5. Nucleation frequency of graphite vs. time during per-
itectic melting of WC upon annealing at 3095 K for 0.1 µs.

Fig. 6. Crystallized surface fraction of graphite vs. time dur-
ing peritectic melting of WC upon annealing at 3095 K for
0.1 µs.

the two models converge to the same order of mag-
nitude. Thus Fig. 6 suggests that at moderate super-
heating nucleation transience influences crystalliz-
ation at early times, while at late times it has a
negligible effect. The relatively small deviation in



5002 M.D. Demetriou et al. / Acta Materialia 50 (2002) 4995–5004

the results of the two models at late times is attri-
buted to the treatment of growth. In evaluating
growth, the initial size of nucleated particles is
neglected in the steady state model and as a result
the rate of kinetics is slightly underestimated.

The isothermal transformation diagram (TTT
curve) for this transition computed from dynamic
and steady state models is shown in Fig. 7. The
gradual deviation in the computed transformation
time obtained from the two models, which
becomes apparent at 3090 K and reaches several
orders of magnitude by 3106 K, is clearly illus-
trated. This diagram quantitatively demonstrates
the importance of nucleation transience in mode-
ling isothermal crystallization kinetics under high
superheating. Moreover, it verifies that the effects
of transience can be accurately assessed by means
of a simple time scale analogy as suggested by
[20]. The TTT curve shown in Fig. 7 does not emu-
late the typical “nose” shape perceived in classical
crystallization reactions under supercooling con-
ditions. This is because in the peritectic melting
reaction, non-equilibration is accomplished by
superheating and as a result both interfacial acti-
vation barriers (diffusion and nucleation) decrease
with increasing temperature. Accordingly, the
nucleation and growth rates, and consequently the

Fig. 7. Transient and steady state TTT diagrams for graphite
crystallization during peritectic melting of WC for x = 10–6.

crystallization rate, increase monotonically with
temperature so that the minimum transformation
time appears to occur at the metastable congruent
melting point. The dynamic model suggests that
the minimum transformation time for 1-ppm at the
metastable congruent melting point is ~2 ns. Con-
trarily, the steady state model, which severely
overestimates the kinetics at that temperature, pre-
dicts a transformation time of only ~84 ps.

6. Non-isothermal kinetics

Under dynamic (non-isothermal) conditions,
transient effects attributed to the explicit depen-
dence of the activation barriers on temperature may
become significant when the barriers change
sooner than it takes for nucleation to relax. Schne-
idman [23] suggested that the limiting barrier rate
of change in assessing the importance of transient
effects during dynamic conditions appears to be
that of nucleation. A time scale to characterize the
rate of change of the nucleation barrier can be
obtained as jn∗ � [d(��Gn∗ /kBT) /dt]�1. Owing
to the temperature dependence of the activation
barrier, jn∗ becomes inversely proportional to the
heating rate dT/dt. Hence, comparing this dynamic
time scale to the induction time gives an indication
of the importance of transient effects during
dynamic conditions, i.e., transient effects can
become important when jn∗ � Jn∗. Demetriou
[20] assessed the effects of transience upon
dynamic conditions in the reaction considered in
this study by comparing Jn∗ computed analytically
to jn∗ evaluated at different heating rates. Accord-
ing to such time scale analogy transient effects
were determined to be important only under ultra-
high heating rates of order 108 K/s. Therefore, in
order to warrant the simulation accuracy at all heat-
ing rates considered, the non-isothermal crystalliz-
ation kinetics were computed with means of a
dynamic simulation. The non-isothermal simul-
ation is discussed in detail in [19].

The transient nucleation frequency of post-criti-
cal clusters evaluated for different heating rates is
plotted within the corresponding transformation
range in Fig. 8. The temperature-dependent quasi-
steady state rate is also plotted to accentuate transi-
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Fig. 8. Dynamic nucleation rate of graphite during peritectic
melting of WC vs. temperature for various heating rates.

ence. For processing rates of 104 and 106 K/s, the
transient nucleation frequency appears indis-
tinguishable from the quasi-steady state rate. For
108 K/s, however, the results of the two models
appear to deviate substantially, hence verifying the
assessment of transience based on time scale anal-
ogy as suggested by [20].

The crystallization kinetics computed from the
dynamic simulation along with those computed
from the QSS simulation for 104, 106, and 108 K/s
heating rates are shown in Fig. 9. As transient
effects are insignificant for processing under 104

K/s and 106 K/s heating rate, the results of the two
models appear almost indistinguishable. For pro-
cessing under 108 K/s, however, the results of the
two models deviate substantially as transient
effects dominate the nucleation process. The con-
tinuous-heating transformation diagram in Fig. 9
quantitatively demonstrates the significance of
nucleation transience in modeling non-isothermal
crystallization kinetics under high heating rates.
The kinetics computed dynamically suggest that
under 104 K/s and 106 K/s heating rates, graphite
transformation is completed at superheats of 43 K
and 50 K respectively, while under 108 K/s the
transformation remains incomplete by the time the
WC-substrate melting point is attained. The meta-

Fig. 9. Dynamic crystallization of graphite during peritectic
melting of WC vs. temperature for various heating rates.

stable phase diagram in Fig. 1 suggests that if
graphite surface crystallization is not completed by
3107 K, metastability will prevail, which implies
that the WC substrate will melt and graphite
nucleation would cease so that the transformed
graphite would dissolve into the metastable melt.
Hence, heating rates of order 108 K/s can be
regarded as critical with respect to the peritectic
melting reaction, as processing under higher rates
would give rise to metastability.

7. Conclusions

Nucleation during peritectic melting constitutes
a particularly interesting kinetic scenario, as it is
associated with non-equilibration realized upon
superheating rather than upon supercooling. In this
study, a computational model was developed to
simulate the kinetics of graphite nucleation upon
WC superheating. The aim was to assess the
importance of nucleation kinetics in limiting the
rate of peritectic melting reaction upon annealing
or continuous heating, and to examine the possi-
bility of complete kinetic bypassing of the graph-
ite phase.

The isothermal kinetic analysis suggests that
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transformation time decreases monotonically with
increasing superheat such that the minimum trans-
formation time occurs at the metastable congruent
melting point of WC. This is because increasing
the superheat results in a decrease in both interfa-
cial barriers and consequently nucleation and
growth increase monotonically with temperature.
Contrasting the dynamically computed kinetics
against those computed by assuming steady state
quantitatively demonstrates that nucleation transi-
ence influences the kinetics when annealing above
3090 K. According to the developed dynamic
model graphitization becomes extremely rapid
when annealing at high superheats; the transform-
ation time for 1-ppm at the metastable melting
point is computed to be ~2 ns.

The non-isothermal crystallization kinetics com-
puted by means of cluster dynamics were con-
trasted against those computed by assuming quasi-
static conditions for various heating rates, and they
appear to deviate only in the case of 108 K/s, hence
implying that nucleation transience influences the
kinetics only under such ultra-high heating rates.
The non-isothermal kinetic analysis suggests that
under moderate to high heating rates (104–106 K/s)
graphite transformation is completed at superheats
of 40–50 K, while under ultra-high heating rates
(~108 K/s) the transformation remains incomplete
by the time the metastable congruent melting point
is attained. Therefore, under such highly non-equi-
librium conditions the system cannot manage to
kinetically respond to the induced deviation from
equilibrium. The inadequacy in the system’s kin-
etic response favors the prevalence of metastability
and consequently thermodynamically favorable
equilibration never manages to establish itself.
Therefore, under such processing conditions,
graphite nucleation would cease and the transfor-

med graphite would dissolve into the metastable
melt. Hence heating rates of order 108 K/s can be
considered as critical with respect to the peritectic
melting reaction.
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